Effective pumping-proton collection facilitated by a copper site (Cu B ) of bovine heart cytochrome c oxidase, revealed by a newly developed time-resolved infrared system 
4 solvent water (12) , IR measurements of proteins in aqueous solution (i.e., under physiological conditions) with sufficient sensitivity for analysis of IR spectral changes due to a single peptide C=O band has remained technically challenging.
We have developed a novel nanosecond TRIR system that provides performance sufficient for the present purpose. The TRIR results of the present study indicate that Cu B is not only a simple electron donor to the bound O 2 but also plays key roles in efficient collection of protons used in the proton pumping process and timely closure of the water channel by using a conformational relay system which connects the Cu B site and the water channel.
EXPERIMENTAL PROCEDURES
Sample preparationCcO, purified from bovine heart muscle as described previously (13) The 25-ns, 532-nm output (0.15 mJ) of a Nd:YAG laser (Navigator I, Spectra Physics) at 1 kHz was used as a pump pulse, which gave 80 % CO photolysis for the highest performance for minimization of the photochemical damage by the pump pulse. A timing jitter between the visible pump and mid-IR probe pulses was ±25 ns. The pump beam was modulated using a phase-locked chopper operating at 0.5 kHz, which allowed to perform nearly simultaneous (1 ms interval) measurements of the pump-on and pump-off spectra.
The sample was housed in two CaF 2 windows separated by a Teflon spacer, and spun at 1300 rpm to ensure a fresh spot for each IR pulse transmission. The sample cell temperature was kept at 28.0 o C (<0.1 o C accuracy). To avoid water vapor effects, the optical setup was contained in a dry-air-purged chamber with <5%
humidity. The TRIR measurements were repeated five times to be accumulated and averaged. Each measurement was performed with 48-seccond data accumulation.
Data Analysis
The TRIR measurements were repeated five times to be accumulated and averaged. All the spectra shown in this paper are the accumulated and averaged difference spectra against the spectrum before the photolysis (the spectrum of the CO-bound form). Since both the visible and mid-IR pulses were linearly polarized, the difference spectra were recorded with the visible pulses polarized parallel (A ║ ) and perpendicular (A ┴ ) to the mid-IR, and isotropically-averaged spectra, A iso = (A ║ + 2A ┴ )/3, are presented in this paper to eliminate rotational relaxation effects (14, 15 Thus, 99 sets of the interpolated coordinates were created as the initial conformations of helix X for the present modeling.
Then, hydrogen (H) atoms were added to all of these structures using the LEAP module of the AMBER 9 program package (16) , and the positions of the added H atoms were relaxed by using the steepest descent energy minimization scheme. In all the following processes, the dielectric constant was set to 4.0. Next, the side chain atoms were optimized, and then, all atoms were relaxed with the energy minimization. These calculations were performed using the SANDER module and the parm99sb force field parameter in the AMBER 9 program package (16 was applied to the regions in the vicinity of helix X, with respect to the above-mentioned two crystal structures and the intermediate structure of helix X. The cavities that were identified as having radii lager than 1.2 Å were used to prepare visual models. IR spectral changes after CO-photolysis of CO-bound bovine heart CcODifference spectra at various time points after photolysis against the spectrum before photolysis (the spectrum of the CO-bound form) are shown in Fig. 2 . In this work, the intensity of the pump pulse was controlled to
RESULTS

Performance of our newly developed
give 80% CO photolysis for the highest performance with minimization of photochemical damage.
As indicated in Table 1 (Fig. 2D ). This signal is assignable to the Amide-I change of the bulge segment in H-pathway, based on the wavenumber, intensity and temporal behavior, as described below. (Fig. 3) . Thus, upon CO-photolysis, bulge elimination is detectable only at Ser382. In the CO-bound form, the Ser382 bulge feature eliminates the largest water cavity detectable in the ligand-free reduced form as given in Fig. 3 (7 s. Here, we adopted the transition state theory to obtain the time scale that is corresponding to the energy barrier (also see (49) ).
This preliminary analysis suggests that there is a transient stable structure in which Ser382 in the bulge structure in the CO-bound form is incorporated into helix X to induce the formation of two additional hydrogen bonds without forming the Val380 bulge (Fig. 3A) . Fig. 5B-D) .
When the hydrogen-bond network becomes saturated with four equivalents of protons, a proton in the cavity cannot be extracted by the hydrogen bond network (Fig. 5G) . The increase in the protonation level is sensed by Ser382 which triggers a conformational change at the Fe a3 site using the relay system to increase the O 2 -affinity of the Fe a3 site (Fig. 5H ). For formation of the O 2 -bound form (Fig. 5I) , the O 2 affinity of Cu B is lowered by the relay system as in the case of the O 2 release step from Cu B (Fig. 5C) . In other words, affinity of Fe a3 at a controlled rate (Fig. 5G-H 18. Bayly, C.I., Cieplak, P., Cornell, W., and Kollman, P.A. (C 1 , Cz), Met417(C  ), Val421(C  , C 1 ), the heme a plane (2-methyl and a methine bridge) and the hydroxylfarnesylethyl group of heme a (C 12 , C 13 , C 14 ). The Ser382-OH group is located close to the cavity surface but does not form part of the cavity surface as described in the text. The CO-bound, fully reduced form used for the present experiments is the fully protonated CO-bound form which corresponds to I, since the hydrogen bond network is protonically equilibrated with the bulk aqueous phase before initiation of the CO-photolysis experiments. Thus, the form which is generated after flash photolysis corresponds to the "intermediate" state (B) with the fully protonated hydrogen-bond network. Then, a proton is taken up in the cavity, which releases CO from Cu B . After that, the fully protonated and fully reduced form (H) is generated, which is ready to receive CO (and O 2 ) and corresponds to the fully reduced form obtainable by reduction of the purified preparation. 
